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ABSTRACT

Four fiber/resin systems were compared for resistance 1o damage and damage tolerance.
One toughened epoxy and thres woughened bismaleimide (BMI) resins were used. all with
M7 carbon fiber reinforcement. A staustucal design of experiments 1echnique was used to
evaluate the effects of impact energy, specimen thickness and twp diameter on the damage
area and residual compression-after-impact (CAI) swrength. Resuits showed that two of the
BMI systems sustained relacvely large damage areas yet had an excellent retennon of CAI

swrength.
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1. INTRODUCTION

As NASA sets its sights on single stage to orbit (SSTO) reusable vehicles, the need for
weight reduction is becoming critcal. These vehicles must use advanced materials that
possess a multirude of improved properties (lower density, higher stffness and strength,
resistance to damage and moisture absorpgon, good fatigue resistance, high temperarure
subility and resistance to microcracidng due to thermal cycling) compared to conventional
acrospace materials. Aerospace vehicles are beginning to contain more polymer matrix

composites as load bearing structures in order to lower weight

In order for a thermoset polymer to withstand high temperatures without a degradation of
mechanical properties, a high cross-linking density is desired. However. a high cross-
linking density will result in a brittle matenal which will not provide a damage rolerant
matrix for the composite. Some thermoplastic resins such as Poivetheretherketone (PEEK),
polybenzimidazole (PBI) and polyallyiphenols can withstand higher temperatures than
thermoset resins. and have the additional bonus of being inherently tough. However,
thermoplastic matrix composites, which are difficult 10 handle since they have no tack or
drape, require high temperatures and pressures to process. By blending thermoplastics into
thermosets, the resulting polymer can be engineered to have a good balance of high
temperature resistance, damage tolerance, and processability.

A class of polyimides called bismaleimides (BMI’s) have the processability of epoxies with
the higher use emperatures common to polyirnides. BMI's are polvimides that contain a
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vinyl group as part of the five membered imide ring, resulting in an uncured prepreg that
has good tack and drapeability and will process at 350°F and 80 psi (or lower) much like
epoxies. Unlike epoxies. the BMI composite must undergo a free-standing post-cure,
usually at a temperarure of about 475°F for 8 hours. BMI resins cannot match the
temperarure capabilines of PMR-15. since the upper use temperature of most BMI's is
about 450°F under dry condinons and 390°F under wet conditions, but this 1s a substanual
increase (about 200°F) over epoxies. Like all polyimides, BMI is inherently bnule and must
be modified with a “toughener” to be of any use as a mamix resin for advanced acrospace
structures. Thus about 25 to 50% by weight thermoplastc is blended with the BMI w0
improve its damage tolerance (1). Some biends have demonstrated a resistance ©
microcracking when thermally cycied from - 108°F to 350°F making them as microcrack
resiswnt as cyanate resin systemns (2). Different thermoplastcs in a vanety of amounts are
used o engineer the mawix resin to have the most desirable properges for the appiicanon at
hand. In general, BMI resins with the highest room temperature mechanical propertes
would be the most affected by heat, losing a larger percentage of smength with increasing
temperature than those resins designed for hot environments which tend to have lower
room temperature mechanical properties (3).

This paper examines the impact resistance and damage tolerance of four acrospace grade
polymer mamix systems that have been identified as candidate materials for some of
NASA's Single Stage to Orbit (SSTO) programs. One of these sysiems 1s a toughened
epoxy and the other three are toughened BMI resins. All of these matenials contained the
same fiber (Hercules’ IM7) so a comparison of the mamix resins could be made without the
type of reinforcement being an addinonal vanabie.

2. EXPERIMENTAL DESCRIPTION

2.1. Material The four fiber/resin systems used in this impact damage tolerance study
were IM7/977-2 epoxy, IM7/V390. IM7/V398 and IM7/F655 BMI's.

The 977-2 epoxy produced by ICUFiberite is the best characterized and most widely used
toughened epoxy system. The V390 and V398 BMI's are produced by Hitco and differ in
therr oughness and upper use temperature. The V390 resin possesses a hot/wet
performance emperature of 475°F while the rougher V398 resin has a hot/wet use
temperature of 350°F. The F655 BMI resin is produced by Hexcel and has an upper use
temperarure of 450°F. This resin was designed primarily to have easy processing
characteristics and enhanced damage tolerance.

2.1.1 Specimen Preparation Panels were made of unidirectonal prepreg layed up
in a quasi-isotropic stacking sequence of [0,+45,90,-45]ns, where n was cither 12013
thus producing 8, 16 or 24 ply laminates. The panels were hot-press cured according to the
manufacturer's recommendatons. Specimens 17.8 cm (7 inches) long by 7.6 cm (3 inches)
wide were cut from the cured panels and fiberglass end tabs 3.8 cm (1.5 inches) long were
bonded (o the ends of each specimen. The cured nominal ply thicknesses for the various
materials were .1219 mm (.0048 in.), .1372 mm (.0054 in.)}, .1168 mm (.0046 in.) and
1168 mm (.0046 in.) for the 977-2, F655, V390 and V398 respectively.

2.2, Testing

2.1. Test Matrix A design of experiments approach was used to construct a test
marrix that would evaluate the effects of impact level, plate thickness and impactor diameter
on the compression-after-impact (CAI) swength and damage area of the plates. A Box-
Bennken 3 level fractional factorial design was implemented to minimize the number of
tests needed to gather information #bout the effects of the 3 independent variables on the
damage zone size and CAI stength. Utlizing this method. a total of 15 tests would need 1o
be run on each material type. Each independent variable (impact level, plate thickness and
impactor diameter) was assigned 3 values representing a low, medium and high setting.
For the impact level. a low value was defined to be an incident kinetic energy of 4 jouies
(2.95 fi-1bs), a medium level was 8 joules (5.90 fi-lbs) and a high level was 12 joules
(8.85 fi-1bs). The thickness of the specimen was determined by the 3 thicknesses



fabricated, low = 8 piies, medium = 16 plics and high = 24 plies. Tups of diameter .633.
1.27 and 1.9 cm (.25, .5 and .75 in.) were used as the low. medium and high values of
impactor size. The test magix with the vanables ar the appropnate levels is shown in figure
1.

2.2 Impact Testing  The specimens were pneumancally clamped berween plates
with cutout holes of £.35 cm (2.5 in.) diameter thus inducing a curcuiar ciamped boundary
conditon. Each specimen was impacted at its geomeric center. A Dynarup 8200 drop
tower was used with a falling mass of 2.3 kg (5.0 Ibs). A carch mechanism was empioved
1o prevent multipie saikes on the specimens. Insrumented impact data (such as incident
impact velociry, maximum load of impact, total deflecnon and encrgy absorped dunng
impact, as well as load-dme and load-deflection piots for the impac: event) were gatherec
with 2 Dynatup 730 data acquisition system. After each impact, the visual damage was
noted and recorded.

.2.3. NDE Evaluation  After impact testing, all of the specimens were
ulmasonically C-scanned to obtain a damage zone size.

2.4. Compression Testing Residual compressive smrengths of the impacted
specimens were obtained using a face supporting, shear loading techmque explained in
detail eisewhere (4). Basically, this fixture is a large IITR] type with facepiates clamped
lightly to most of the specimen’s gage length to prevent Euler buckling. The facepiates
conmined cutouts at thetr centers to allow the delaminanons 1o “biister out” and grow. An
Insgon 1100 loading frame was used at a tesung rate of .254 mmymun. {.01 in./mun.}.

2.2.35. Short Beam Shear Testing  Short beam shear specimens were prepared
from randomiy selected, unimpacted 24 ply specimens. The specimens were .635 cm .22
in.) wide tested at a span of 1.27 cm (.50 in.}. Testing was performed ar a rate of .254
mmv/min. (.01 in./mun.).

2.2.6. Double Cantilever Beam Testing Double cantilever beam (DCB)
specimens were prepared from IM7/977-2 carbon/epoxy and IM7/V390 Caroon/BMI
material systems. Specimens were of a [0,+45,90,-45}25 lay-up with a towl length of 25.2
cm. (10 in.) and width of 2.54 cm. (1 in.). A Teflon film insert was placed berween the
centermost 90/-45 interface at a distance of approximately 5 cm. (2 in.) from an end in
order 10 obtain a starer crack. Testing was performed at a crosshead rate of 30 mm/min.
(2in/min.) and the value of Gic was determined by the load/displacement area method.

3. EXPERIMENTAL RESULTS

3.1. NDE Testing  All of the impacted specimens showed delaminations as indicated
by the ultrasonic scanning results. All of the samples that were 16 or 24 plies thick showed
circular areas of delamination. The 8 ply specimens showed delamination areas that were
longer in the 0° (outer fiber) direction. This is due to the lower bending stffness of the
thinner laminates producing a much higher outer fiber membrane strain which tended to
break these fibers and split the matrix along the direction of these fibers. The C-scans,
along with maximum impact load and residual compression swrength data are presented in
figures 2a-d. A reladvely large damage area is seen on the V390 and V398 specimens
compared to the F655 and 977-2 resins for almost all of the runs. The oniy exceptions are
the specimens thar were completely penetrated by the impactor. In these cases. the
apparently “tougher™ 977-2 and F635 resins would resist spliming and cracking more,
resulting in the broken fibers “carrying™ more of the resin away from the laminate resulting
in delamination. The apparently less tough Y390 and V398 resins would produce a
“cleaner” hole when punctured since the resin would more easily crack and split. allowing
the broken fibers to separate from the laminate with less far field mawix damage. For the
V398 and V390 samples that did not experience perforation, the damage zone extended to
the boundaries of the circular clamp. This makes a true assessment of “damage resistance™
difficult since the damage area would have been much greater had the delaminadons not
stopped at the clamped boundary. The 977-2 and F655 materials had delaminarions that
were contained well within the clamped boundary.



2. Short Beam Shear Testing A large difference in mode 11 interlaminar shear
sgength was evident berween the matenals tested. The deiaminanon aiways initated at one
of the rwo centermost 90°/-45° interfaces. The results of the short beam shear tests are Ziven
in figure 3. The V390 and V398 resin composites had much lower inieriarmnar shear
strength than the F655 or 977-2 resin composites which expiains the larger delaminanon
areas seen in the V390 and V398 resin iaminates after impact

3.3. CAI Testing  All of the specimens failed at the impact site. The V390 and V298
resin system laminates do not have a noticeably lower CAl swength than the 977-2 and
F655 resin system laminates as would be expected from the NDE resuits. The drop n
strength is not as large as wouid be :ndicated by the C-scans. The C-scans clearly show
that the V390 and V398 resin iaminates have a larger deiaminagon area than the 977-2 and
F653 resin laminates, but the ¥390 and V398 resin laminates do possess good damage
tolerance since these large areas of damage do not cause a correspondingly large drop
compression swength. This pnenomenon will be exarmined in dezaul later.,

3.4. Double Cantilever Beam (DCRB) Testing (Gyc Testing) The V390
material was found to have a Gyc of approximately .92 kJ/m*= (5.2 in-1b/An?) and the 977-2
had a Gic value of approximately 1.25 kJ/m? (7.3 in-lbAn=). This difference is not as largs
as the difference 1n mode [I shear swength as determined from the short beamn shear tests.

3.5. IM71977-2 Material ~ The model terms for the CAI smength and damage area
responses are given in figure £. There 15 a smong non-lineanty berween the CAl response
and the impact energy as well as a sqong neganve linear effect. This can be seen on the
response surface piot of CAl smength as a function of impact energy and specimen
thickness shown 1n figure 5. There is a sharp drop in swength as the mpact energy
increases from the lowest level, but the strength decrease begins o level off near the higner
end of impact energy with 2 siignt increase in CAl srength seen at the highest impact
energies. This is due 1o the specimen beginning to be puncrured at these higher impact
leveis, resulting in more fiber damage and less matrix damage which is the controlling
factor for residual compression strength of the laminate. There are not any significant two-
way interactions for the CAI response and the vaiue of the tp semng is not significant for
either of the responses. The damage zone is most heavily dependent on the linear impact
energy coefficient which indicates that as the impact energy increases, the area of damage
also increases. This response also shows an interaction between impact energy and
specimen thickness. As can be seen from figure 6, at the lower end of impact energies used
in this srudy, the smallest damage areas occurred on the intermediate thickness specimens.
The thick specimens had more flexural rigidity and thus could not absorb as much of the
impact energy as bending strain energy thereby causing this energy to be dissipated by
matrix damage. The thinnest specimens could flex quite a bit and the fibers would store
plenty of elastic strain energy, but the deformations were large enough to cause mamrix
splining berween fibers, especially in the outer fiber directon as is evident by the C-scans
in figure 2a. At the higher values of impact energy used in this study, the thinner the
specimen, the more damage area resulted. This is due to the fact that the rup would
puncture the thinner specimens resulnng in gross fiber pullout along the outer fiber
direction as is evident by the C-scans in figure 2a. This larger area of damage contributed 10
a loss in CAl stength on the thin samples, as seen in figure 5, since the damage was
completely through the thickness.

3.6. IM7IF655 Material  From figure 7 which is a response plot of CAI strength
versus impact energy and specimen thickness, it can be seen that this material has a non-
linear dependence on the impact energy. It has a similar shape to the IM7/977-2 composite
CAl response in that the sharp drop in residual compression strength begins © level off at
the higher end of impact energies used. The model terms are given in figure 8. The 12::\:
coefficient of impact energy is the sgongest term at -53 MPa while the quadranc coeflicient
for this independent variable is 37 MPa. The linear thickness coefficient is quite large at 45
MPa with a quadraic coefficient of -15 MPa. This indicates that the thinner specimens had
less strength than the thicker specimens. with this rend decreasing a small amount as the
thickness increases (a leveling off). The tup size had a small effect on the CAI sength and
damage area responses. A larger wp produced a larger CAI smength than the thinner tups,
but this was dependent on the impact energy used as is evident by the interaction erm for
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both responses. In fact. the impact energy/tup size interacnon term for the damage area
response is greater than the linear or quadrauc coefficients for the tp size on this response.
Figure 9 shows the CAl strength response surface as a functon of impact energy and tup
size. At the high end of impact energy, the tp size had litle effect on the CAl smength
response and showed only a slight increase in sgength with increasing tup size. However,
at the lower impact energy levels. the wp size became more important and showed a larger
increase in sength with increasing tup size. Figure 10 shows tne damage area response
surface as a funcnion of impact energy and tup size. This piot indicates that at low values of
impact energy, the smailest tp size gave the largest damage area which corresponds with
the CAl szrength observanons. However. at high impact energies the damage area was
much greater for the larger wp. This larger damage area did not correspond to a drop in
CAI strength. mainly due to the resuits obtained on runs # 1 and #2 which had the tup size
at the two extremes and the iargest impact energy used. Run #1 had a larger area of damage
as detected by ultrasonics. but has a slightly higher CAI sqength than the specimen in run
#2. Since tp size does have an effect on the CAl swength, this matenal may have a
compression failure mechanism that is not as heavily dependent on absolute 2-D mamix
damage size as epoxies, but 1s also dependent on the amount of through-the-thickness
matnx damage and/or fiber breakage since the smaller tup tended to break more fibers and
cause more through-the-thickness mamix damage.

3.7. IM71V398 Material  The model terms for this matenial (figure 11) are quite
different from the 977-2 and F655 resin systemns. most noubly the swong dependence of
damage 2rea on specimen thickness and the reladvely smaller effect of :mpact energy on
CAI strength. Figure 12 is a surface response plot of CAI smength as a funcnon of impact
energy and spectmen thickness. Trhis material is surprisingiy insensinve 1o 1mpact energy,
especially on the thicker specimens. On the thinner specimens a dectease in CAl smength is
seen with an increase in impact energy. However, note that the quadranc impact energy
coefficient is neganve which impiies that a sharp drop in CAl swength is secn only at larger
impact energies as the impact energy increases. This is the opposite trend from the 977-2
and F655 resin systems wnere as the impact energy increased at larger values of impact
energy, a puncture rype of damage was formed and the drop in compressive strength began
to levet off. The wrend in the V398 matenial suggests that the CAl strength may be more
dependent on through-the-thickness damage and/or fiber breakage than absolute 2-D marrix
damage size (a charactenistic that was noticed to a small extent in the F655 material). The
effects of specimen thickness on the CAI srength is very non-linear with the strength
showing a rapid decrease as the specimen gets thinner which again suggests that through-
the-thickness damage and/or Siber breakage (which was more pronounced on the thinner
specimens) has a swong influence on the CAI saength of the specimens.

The tup size also had an effect on the CAI swength of the specimens as is evident by the
plot in figure 13 which shows CAl strength as a function of impact energy and tup size. At
the low levels of impact energy, the tup size had litle effect on the residual compressive
strength but at the higher impact energies, a smaller tup would be more demimental 1o the
residual compression strength (a strong interaction coefficient shows this). Since the
smaller twps tended to cause a puncture at the higher impact energies than the larger ps,
this again suggests that the CAI strength of this material is dependent upon the amount of
through-the-thickness damage and/or fiber breakage and not on the absolute 2-D size of
matrix damage as detected by C-scans.

The damage area caused by the impact was most influenced by the thickness of the
specimen and little ¢ise as is evident from the coefficients in figure 11. The tup size had no
effect on the damage area and the impact energy had a small effect but this response is
clearly dominated by the specimen thickness which can be graphically seen in figure 14.
The damage area is lineariv dependent on the specimen thickness with the thicker
specimens showing much more damage area than the thinner specimens, regardless of
impact energy (no interacnon between these variables). As can be seen in the C-scans in
figure 2c, the thin specimens had a more elongated damage area indicaung maix splitang
which is a through-the-thickness tvpe of damage. The damage area varies non-linearly with
impact energy with the lower impact energies giving less damage area This trend leveled off
around the medium values of impact energy after which the impact energy had litte effect
on the measured damage area. since as mentioned earlier, the damage zone did not spread
bevond the circular clamped boundaries of the plate.
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3.8. IM7/V390 Material  The CAl swength of this material vanies linearly with
specimen thickness, the thicker specimens having a higher CAl swength. This dependence
is quite significant as is evidenced by the linear thickness coefficient seen in figure 15 and
the piot of CAl suength versus impact energy and specimen thickness shown 1n figure 16.
The impact energy has a non-lincar effect on the CAl swength with the same gend seen as
for the V398 matenal. and has 2 more pronounced effect on the residual compression
srength at the higher impact energies. The “leveling off” of sgength decrease is not at the
higher end of impact energies as it 1s for most epoxies and the F655 BMI tested 1n this
study. Another unique feature of this material is the effect of the wp size on the CAl
strength of this material. The wp alone has no effects on the CAl stength as can be seen by
the zero coefficients for linear and quadraric tup terms in figure 15. However, there are
strong tup interacnon terms with the other two vanables. The interaction berween tp size
and impact energy can be seen in figure 17 which is a plot of CAI swength as a funcnon of
impact energy and twp size. At the small tup size, the impact energy shows a non-linear
drop in compression strength as the impact energy increases. When the twp is ar the larger
sizes. the CAI strength actually increases (albeit a very small amount) with increasing
impact energy before a drop in strength is seen at the medium levels of impact At the low
jevels of impact. increasing the tup size tended to decrease the CAI strength. a trend not
seen in any of the other materials, but at the high impact levels. the larger wp showed little
degradation of the CAI strength, specially when compared to the smaller up sizes.

The tup size also had 2 swong interaction with the specimen thickness on the CAl response
of the material as can te seen in figure 18. At small wp sizes the CAI strength did not
depend heavily on the specimen thickness but ar large tp sizes the CAIl smrength was much
greater for thicker specimens. This once again indicated that specimens that have sustained
fiber damage (those that have been punctured) such as thin specimens hit with a large tup or
thicker specimens hit with a small up, have a larger decrease in residual compression
sarength than those specimens that have sustained an impact where a heavy matix damage
area (not volume) has occurred. but linle or no fiber breakage has occurred. The thin
specimens saw a decrease in CAl soength as the tup was made larger but the thicker
specimens saw a decrease in CAI strength as the tup size became smaller. This can be
explained by the thinner specimens sustaining a puncture type of damage regardless of mp
size, thus a larger tp will produce a bigger hole resulting in more damage. For the thicker
specimens only the smail tup could puncture the specimens and cause the fiber damage that
seems 10 be associated with the decrease in the residual compressive swength.

The wp size had no effect on the damage size that was created due to the impact event
except for a very small interaction with impact energy. The damage area was smongly
dependent on the specimen thickness in a non-lincar manner as is shown in figure 22 which
is a plot of the response surface of damage size as a function of impact energy and
specimen thickness. A sharp drop in damage area is seen as the specimen becomes thinner.
This is due 1o a hole being punctured in the specimen and the damage being more localized
in the form of fiber breakage and mamix splimting. For this reason the impact energy did not
have as big an effect on damage size for the thin specimens as it did for the thicker
specimens. . .

3.9. CAI Strength Vs Damage Area Figures 20.21 and 22 show plots of CAI
strength vs. delaminadon area for the 8. 16 and 24 ply specimens. For the 8§ ply specimens,
there is little correlation berween damage area and CAI strength. For the 16 and 24 ply
specimens, the 977-2 and F655 systems show a much lower CAI sgength as the damage
area increases. for the V390 and V398 resins however. the CAl sength is relatvely
independent of damage size.

4. CONCLUSIONS

4.1. Summary of Experimental Results  From the experimental data. the
following can be concluded:

« The V398 and V390 laminates behave similarly and the F655 and 977-2 laminates behave
similarly in both CAI and damage area developed. The two sets behave quite differently.



+ The V398 and V390 resin svstems have 2 much iower mode I detaminanon resistance
and thus produce larger damage zones as detected by ulmasonic scanning. This does not
apply 10 the § ply specimens since ey EXPenence a Puncrure type of camage ' fiber
breakage and/or iongitudinal mamx spiitang).

« The V398 and V390 materials do not nave as large of a drop in compression-after-impact
soength as the 977-2 and F635 matenals.

- The 977-2 and F435 jamunates nhave “classical™ CAl vs. Iropact Level piots fi.e. the
swength drops off sharpiv at the eariv stages of damage and then ievels orf with increasing
impact energy). The V398 and V330 laminates Show no snarp crop in CAl smength unci
hign levels of impac: are reached.

« The V398 (and 10 a iesser extent the V390) 16 and 24 ply laminates snow very lite
change in CAI strengin regardless of damage size.
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Run # i impact Enercv Thickness Tup Size
i -1 0 -
2 -1 0 -1
3 -1 [} +!
4 -1 0 -1
5 1 +1 0
6 ~1 -t 0
7 -1 +1 0
8 -1 -1 0
9 [} . +1 -1
10 0 -1 -1
11 0 -l -1
12 0 -1 -1
N 13 0 0 0
14 ¢} 0 0
18 0 0 0

RIERY) -1 = 8 plies A=2m

0=8J 0= 16.plics 0=5m

~1 =12 ~1 = 24 plies ~i=75m

Figure |. Run Summary for impact tests.
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Figure 2b. C-Scans and associated maximum load of impact, damage area. visual damage
and residual swength data (IM7/F633).
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Figure 2c. C-Scans and associated maximum load of impact, damage area. visual damage
and residual strength data (TM7/V398).
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Macnal Interdaminar Shear Suess PSI
(90°/-15°) Inlertace
IM7977-2 13,167
IM7/F655 12,404
IM7/V3I%Q 6.123
IM7/V398 8.820

Figure 3. Short beam shear results.
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Figure 4. Moae! terms for IM7/977-2 matenal.
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Figure 5. Compression-afier-impact Figure 6. Damnage area versus specimen
strength versus specimen thickness and thickness and impact energy for IM7/977-2.

impact energy for IM7/977-2.
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Figure 7. Compression-after-impact strength versus specimen thickness and impact energy
for IM7/F655S.
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Figure 3. Moae! terms tor IM7/F635 matenal.
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Figure 9. Compression-after-impact

stength versus tup size and Impact energy
for IM7/F655.

Figure 10. Damage area versus tup size and
impact energy for IM7/F655.
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Figure 12. Compression-after-impact
strength versus specimen thickness and

Figure 11. Modei terms tor IM7/V398 matenal.

;g
J

74
L

CAT Stroegin /75%)
F o d

impact energy for IM7/V398. for IM7/V398.

Figure 13. Compression-after-impact
strength versus tup size and impact energy
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Figure 14. Damage area versus specimen thickness and impact energy for IM7/V398.
Lanear Coefficrents Interacuon Coetficients Quadarauc Coefficients
Response Constant Energy Energy Thick | Energy Thick Tup
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Damage "
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Figure 15. Model terms ror IM7/V 390 maienal.
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Figure 16. Compression-after-impact Figure 17. Compression-after-impact
stength versus specimen thickness and strength versus tup size and impact energy

impact energy for IM7/V390. for IM7/V390.




